Abstract Knowledge of the relationship between rainfall intensity and kinetic energy and its variations in time and space is important for the prediction of erosion hazard. Kinetic energy and erosivity are also strongly controlled by raindrop size. However, studies on raindrop measurement and different practical techniques have been rarely documented. The current study therefore aimed to apply existing raindrop-size measurement techniquesthe photographic, flour-pellet and stain methods, as well as an innovative flour-stain method-and to evaluate their applicability at several intensities in Mazandaran Province, Iran. The distribution of raindrop size obtained by the different methods was recorded and compared with those obtained through applying a high-speed imaging technique. All the analyses were made with the help of a SPSS software package. The results showed that the raindrop diameters ranged from 0.2 to 5.16 mm at different rainfall intensities. Statistical comparison of the methods using the Duncan test showed that the flour-pellet method presented similar results to the photographic technique; it was concluded that this can be used as a practical and inexpensive method to estimate a wide range of raindrop sizes.
INTRODUCTION
Since the raindrop size directly influences other rainfall parameters, such as terminal velocity and kinetic energy, as well as erosivity of rainfall, it plays a considerable role in soil erosion processes. Thus, where the rainfall comprises a wide range of drop sizes, there will also be a wide range of terminal velocities under normal conditions. Therefore, the estimation of raindrop size distribution has been considered by different researchers as a major factor in the erosivity of rain. To this end, knowledge on natural raindrop size distribution at different intensities, and in each climate, is necessary for the study of soil erosion and sedimentation. Nevertheless, far too little attention has been paid to evaluate raindrop characteristics, especially in northern Iran. Thus, this study evaluated different existing methods used to measure drop sizes, with the purpose of analysing natural raindrop sizes and their distributions at different intensities; then we focused on three of the methods-flour-pellet, stain and flour-stain-which were tested and the results compared with trusted image analysis results.
To date, many researchers have used a variety of techniques to measure some drop specifications with further focus on size and velocity, such as the disdrometer (Illingworth and Stevens 1987 , Sheppard and Joe 1994 , Bringi et al. 2003 , the flour method (Laws and Parsons 1943 , Kohl 1974 , Eigel and Moor 1983 , Kohl and De Boer 1984 , Kincaid et al. 1996 , the momentum method (Scheleusener 1967) , the optical method (Swithenbank 1977 , Chigier 1991 , Sheppard and Joe 1994 , the photography method (Kinnell 1980 , McIsaac 1990 , the radar technique (Sekhon and Srivastava 1971 , Sheppard and Joe 1994 , Ulbrich and Atlas 1997 , Yuter and Houze 1997 , Uijlenhoet and Stricker 1999 , Chandrasekar and Bringi 2001 , Zhang et al. 2001 , Bringi et al. 2003 , Hazenberg et al. 2011 , the stain method (Seginer 1963 , Hall 1970 , Solomon et al. 1985 , Kincaid et al. 1996 , the sterbuscope technique (Wang et al. 1979 , Illingworth and Stevens 1987 , Lavergnat and Gole 1998 , Salles and Poesen 1999 and the submersion technique (Eigel and Moore 1983, Kincaid et al. 1996) . However, differences in methods and subsequent calculations, geographical locations, or in weather systems and changes in the raindrop sizes over time, have led to considerably varied results (Kinnell 1980 , McIsaac 1990 . Furthermore, some techniques, such as high-speed CCTV, have been introduced very recently and can be easily applied by researchers. However, they have still not been adopted in developing countries. The present paper therefore aims to evaluate the results of four simple methods to measure drop size and distribution and to investigate their applicability at several rainfall intensities under natural conditions.
MATERIALS AND METHODS

Site description
The study was conducted at the Faculty of Natural Resources, Tarbiat Modares University, Noor Campus, Mazandaran Province, Iran. The experimental station is located at the southern edge of the Caspian Sea (36
• 34 42 N and 51 • 48 17 E) and receives the majority of rainfall between September and March. In this study, we established an open rainfall observation site, and four rainfall events were monitored during the observation period of February and March 2011.
Method
We monitored four rainfall events, for each of which an hourly-based data set was collected for analysis. Rainfall intensity was measured using a cylindrical vessel with a sharp edge and cross-section diameter of 10 cm for a duration of 1 h. The 1-hour duration was chosen, because we needed enough time to glean 12 series of data in each interval. The rainfall collector was placed in an open area where there was no obstruction nearby. The mass of water in the vessel with an opening area of 7854 mm 2 was measured to give total rainfall in mm/h. We analysed five rainfall intensities from low to high (from 1 to 10 mm/h), which were markedly different. The upper rain intensity was limited to some 10 mm/h, since no more intensive rains occurred during the study period that could be practically measured for further comparison. The distribution of raindrop size in each study period was then recorded by the photography, flourpellet and stain techniques and also by the flour-stain method, an innovative technique to record very fine drops properly, in three repetitions (Kincaid et al. 1996) .
Photography method
In these field measurements, raindrop sizes were captured using a digital camera (Canon 550D, 18.7 Megapixel) capable of recording 4000 frames per second. The prepared images were then investigated carefully and any indistinct drops recorded out-of-focus of the lens were omitted from the data set. The remaining drops in each image were subsequently categorized and counted in size classes of 0.1 mm. When the number of raindrops of particular size and with 0.1 resolution had been counted and reported, a corresponding discrete data set was developed and finally transferred to an Excel 2007 database, from which drop-size distribution curves were produced.
Flour-pellet method
In this method, a sample of fine wheat flour, in which pellets formed easily when a water drop struck it, was selected. Then the special volume was steadily expanded in a pan of 20 cm × 40 cm. We considered that the width of flour in this pan was more than the diameter of the biggest probable drop in one storm event. Then, the pan containing flour was exposed to the rainfall for 3-10 s, depending on rainfall intensity in each repetition. The flour pellets formed by raindrops were air-dried for 24 hours and subsequently separated from the rest of the flour. Pellets that were too large or irregular, i.e. formed from more than one raindrop, were omitted from the data set. The pellet sizes were measured with 0.1-mm accuracy and the size of drops that formed each pellet was obtained by using the calibration equation (Kincaid et al. 1996) . The calibration equation was obtained in the laboratory by producing drops of known size and distilling from 2 m height. Thus, 31 drops were produced and analysed for this purpose and the equation was extracted using the SPSS 17 software package.
Stain method
The stain method (Hall 1970 , Soloman et al. 1985 , in which drops are caught by absorbent paper, was also used for the study. As the first step, different kinds of available material with absorbent capability, such as low-density fibre, particle board, filter paper, blotting paper, Faberyano paper, Eshtenbakh paper and old congress carton (OCC), were tested in 20 cm × 40 cm dimensions and exposed to rainfall for 3-10 s, depending on rainfall intensity. The sizes of the resulting stains were then measured with 0.1-mm accuracy. The stain size was also converted to drop size by using a calibration equation (Khaledian and Shahoe 2006) , which was calibrated under laboratory conditions, as before.
Flour-stain method
Because of the limitation of the above-mentioned methods for recording drops smaller than 1 mm, and also for estimating drop size distribution (DSD) of light rain, a new method is presented that combines the principles of the two previous methods. In this step, a thin and steady layer of white flour was spread upon 20 cm × 40 cm OCC boards that had been sprayed with black paint. These boards were exposed to similar rainfall intensity as before. As the drops struck the thin layer of flour, white stains remained on the black surface. Then the resulting flour stains of small drops were measured with 0.1-mm accuracy and, based on the corresponding calibration equation prepared in laboratory conditions, the recording of small drop-size distribution was achieved.
RESULTS AND DISCUSSION
Five 1-hour-average rainfall intensities were considered in this study. The volume of rainfall collected in the sampling gauge and the calculated rainfall intensity are presented in Table 1 . Figure 1 shows a sample of flour pellets, stains and flour-stains that resulted from 5.1 mm/h rainfall intensity.
The raindrop size distribution was recorded at five different intensities by taking high-speed digital photographs of raindrops and also catching drops with pans of flour and boards of OCC. The results were categorized and counted in size classes of 0.1 mm and are summarized in Table 2 . Since the photography method has been recognized as a direct measurement method, the size of particles recorded in each photograph was considered as the actual raindrop size. In the other three methods, fitting equations were used to obtained rain DSD, the parameters having been derived by producing known size drops in the laboratory. Equations (1)- (3), respectively, show the relationships between size of flour pellets, stains and flour-stains (D in mm) and natural raindrop size (d in mm): As observed above, the calibration equations found in this study express a power fit between drop size and the diameter of flour pellet, stain and flour-stain that confirms the results previously reported by Laws and Parson (1943) , Magarvey and Taylor (1956) and Navas et al. (1990) . Normalization of data series was also tested by Kolmogrov-Smirnov test in SPSS 17.0 software to delete outlier data, and the corresponding statistic parameters were subsequently calculated for each data series as summarized in Table 3 . The interplay of intensity and type of method was ultimately investigated by General Linear Model in SPSS software, and the corresponding results are presented in Table 4 .
The efficiency of the image-processing method and two other well-known techniques-flour pellet and stain-was investigated for estimating drop-size distribution at different rainfall intensities in northern Iran. The results of analysis of variance (Table 4) show that the outcome of drop-size distribution at different intensities and also different types of measurement method varied significantly. In other words, the various methods for measuring drop size did not have the same efficiency and, subsequently, the same outcomes. The results of statistical comparison among the methods using the Duncan test (Tables 5 and  6) show that the photography and flour-pellet methods had similar outcomes. Thus, depending on available equipment, researchers can use either method and find similar results.
As seen in Table 2 , the photography and flourpellet methods could record drops of a wide range of diameters, and these are similar to results reported by Sheppard and Joe (1994) and Massayuki et al. (2001) as the dominant range of raindrop diameter for natural rains. However, the flour-pellet method appeared to underestimate the percentage volume in small drops, and the percentage volume of drops <0.5 mm was negligible, because discerning and separating such small pellets from the rest of the flour was impossible. The research by Laws and Parsons (1943) , Kohl (1974) and Kohl and DeBoer (1984) described similar findings. Thus, the range of drop diameter recorded by the photography method was wide <0.2 to 5.1 mm, and, despite the elimination of some ambiguous data recorded in the images, the frequency of data were found to be sufficient for the analysis. Sudheer and Panda (2000) and Hu et al. (2006) also found similar results.
As observed in Table 6 , using the Duncan test, the stain and flour-stain methods were respectively placed in the class levels "b" and "c" in terms of statistical difference. The precision of the data series in Table 2 shows that the stain method had better efficiency in recording drops of medium sizes and, hence, covered a limited range of diameters compared to the two other techniques, as also confirmed by Kincaid et al. (1996) . Rapid fading of small stains, or being hidden by larger stains, was considered as the reason for the low frequency of sub-millimetre drops in the stain method data series. Moreover, since the larger drops yielded too large stains, these were indiscernible from the large stains produced by two or more drops simultaneously during data analyses; therefore, these were omitted from the data series. This led us to underestimate the number of large drops in the stain method.
It is known that the impact of a raindrop on an absorbent surface causes a stain whose diameter extends gradually due to suction and the prevalence of water in the cellulose layers of the absorbent surface material. This means that the outline of the final absorbed stain will tend to be indistinct. Also, making a visual record of extreme data simultaneously was impossible for the interpreter. Thus, using the one stable procedure in this research, digital photographs were prepared from OCC boards exposed to rainfall after 5-s intervals. In this way, the transient stains were stabilized in high contrast and clarity. It was found that the OCC board has enough cellulose in its structure to absorb raindrops and create stains that give a high contrast with the background. The OCC boards also have the advantage of being immovable against wind during the experiments: the filter paper and blotting paper used by many researchers (Laws and Parsons 1943 , Magarvey and Taylor 1956 , Khaledian and Shahoe 2006 were found too thin and unstable for windy climates. Moreover, the excessive cellulose in their structure led to immediate drop prevalence on the upper layers of surface before the stains connected to each other very quickly and became indistinct. Furthermore, the results showed that low-density Faberyano and Eshtenbakh papers did not have enough contrast for the border of stains to be determined. Scrutiny of the images taken in the photography method showed that very small drops recorded in each image at different intensities were hidden in pre-interprets. This might have been due to the inability to see tiny drops in optical reflection. Since the tiny drops did not reflect greatly, the brightness index of these drops, even if located in the focal range, was negligible. This made the interpreter hesitant whether it referred to tiny drops or out-of-focus ones. In other words, the pixel size was larger than the very smalldimension drops and, also because of image noise, distinction of a particle in each pixel was impossible. Hence, despite the subtlety in image interpreting, underestimating the percentage volume of tiny drops was inevitable in the high-speed imaging method. In addition, the inability of the other two techniques to record sub-millimetre drops was proved empirically. Therefore, a new technique was used to record data in a small range of diameters. As described above, a thin steady layer of white flour was strewn on OCC boards and exposed to rainfall. As raindrops impacted on the flour surface, they stuck to it as fine, white round pellets. The results presented in Table 2 show that the diameter of flour-stain and pellets was close in the small-diameter classes. This may be due to the fact that the flour layer absorbed the fine drops before they spread out, but the volume of flour stuck to the drop in this technique was lower than in flour-pellet method. The results show that this method is efficient for small drop-size distribution. However, larger drops with high kinetic energy shifted the thin flour layer and then spread on the surface. Nevertheless, the size of stain that remained on the board in this technique is still less than in the stain method. The high contrast between flour stains and the background make this method very efficient to distinguish separate drops and to analyse them quickly and accurately. Furthermore, the excellent persistence of flour stains aided researchers to keep boards and data stable and analyse them later.
The test used to analyse variance (Table 4) showed that the variation of rainfall intensity influenced the raindrop sizes. The results show that, at different rainfall intensities, the raindrop sizes are significantly different. Analysing the data series (Table 2) , it can be observed that increase in the rainfall intensity did not coincide with increasing drop sizes. This might be due to the fact that the drops would surely merge with each other under high rainfall intensity. Since the larger drops have higher velocity and, so, higher kinetic energy, they would come into contact with each other with more severity and irregularity. This leads to considerable increase in the percentage volume of smaller drops. However, the rainfall events usually coincide with very strong winds in the Mazandaran climate, with intensification of the incidence of raindrops.
The statistical results of means comparison, at the five rainfall intensities, obtained using the Duncan test (Table 5 ), show that intensities I 3 and I 4 (3.82 and 5.10 mm/h, respectively) gave a larger percentage in the large drop-size range, so both were ranked in class a. This means that the mean drop diameter is found larger for I 3 and I 4 than the other intensities, as confirmed by Tenório et al. (2012) . Meanwhile, the intensities I 2 and I 5 (2.23 and 3.82 mm/h) were ranked second, i.e. class b. This result proved that increasing the rainfall intensity, due to increase in median volume diameter, D 50 (as a widely-used index) to a special bound caused the skewness of DSD curves to tend to the left. After this bound the procedure changed and remained equable in the limited domain; then D 50 decreased when the intensity increased. In this state, the skewness of DSD curves tended to the right. The values of asymmetry coefficient for each method and intensity are presented in Table 3 . As may be seen in Table 3 , the values of asymmetry coefficient are generally positive which means that the distribution shows a right-hand asymmetry. These values are noticeable at intensities I 1 , I 2 and I 5 . The flattening coefficient (kurtosis) as a function of rain rate was calculated too (Table 3) . Positive values of kurtosis show that the distribution is sharper than the normal distribution (Mazurek et al. 2006) . By scrutinizing Table 3 , a large variability of kurtosis and skewness is seen in the low rain rate range, confirming the results of Mazurek et al. (2006) .
Overall, the study of raindrop size distribution has shown that the greatest number of raindrops are in the size range of 1-2 mm. Tenório et al. (2012) achieved the same result in a coastal area of Northeast Brazil. This might be due to the fact that drops larger than about 5.5 mm are unstable and break up. Thus larger drops can exist for short periods of time, as reported by Lavergnat and Gole (1998) . These studies showed that when large drops break up, many small drops are produced of size 1-2 mm, predominantly, which is coincident with that reported by Hudson (1975) .
CONCLUSIONS
The reported research was conducted at Tarbiat Modares University (International Campus) to compare four common measurement methods for estimating drop-size distribution of natural rains in northern Iran. The results indicate that the flour-pellet method could be used as a simple, inexpensive and practical technique in uncontrolled conditions, but it is clear that it has some defects and limitations and is time consuming. This essay critically traced the merits and demerits of four existing methods for measuring drop size, supported by field experiments, and presents some suggestions to improve data series in similar researches.
The flour and stain methods require more accuracy and sophisticated experts in impermanent conditions. Then it would be better to increase samples and frequencies to compensate for the data missed during analysis. Also, they are not recommended in light rain due to the high frequency of small drops. The high cost of equipment, changes in optical characteristics and the need to have sophisticated experts and a great amount of time for interpretation are also some disadvantages of the photography method. It should be noted that each measurement method was based on accurate fit of the equations and appropriate experiment set-up to present reliable results. However, no single method could quantitatively express continual data series of raindrop size distribution. Therefore, a combination of these methods could help to omit the data gaps, especially in small-diameter classes. As a consequence, the flour-stain method could be widely used as a complementary, accurate and simple technique to supplement data series. Further experiments applying the same techniques under different climates and even some other approaches and methods are recommended to allow reliable conclusions to be drawn.
